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Abstract—Flux weakening in surface permanent magnet (PM)
synchronous machines is revisited in this letter. The condition for
achieving infinite constant power speed ratio (CPSR) is explained
from the machine equivalent circuit and phasor diagram point of
view. Back-to-back thyristors, or triac, switches feeding the three
phases of a surface PM synchronous machine will be shown to be
equivalent to a simple series reactance with respect to fundamental
component behavior. Using such switches is equivalent to adding a
series inductance to the machine. This additional inductance helps
extend the CPSR of surface PM synchronous machines. This is sig-
nificant because extending the CPSR of surface PM machines is
usually a challenging task due to the presence of low-permeability
surface magnets and the resulting low machine inductance.

Index Terms—Flux weakening, permanent magnet, synchronous
machines, thyristors, triacs.

I. INTRODUCTION

LUX WEAKENING allows a machine to operate above

base speed in the constant-power, high-speed region when
there is a fixed inverter voltage and current. Below base speed,
all of the stator current can be used to produce torque (con-
stant torque region). Above base speed, part of the stator current
must be used to oppose the permanent magnet flux while the re-
maining portion is used to produce torque.

Without flux weakening, a machine must be designed to pro-
duce rated torque over the entire speed range. Disadvantages
of this approach include 1) required oversizing of the inverter,
and 2) low machine-phase inductance. Low inductance places
higher demands on the power device switching requirements
and creates high short-circuit currents that can destroy the wind-
ings and/or inverter. The two high-speed operation possibilities
are shown in Fig. 1.

Several authors have addressed flux weakening in PM ma-
chines, [1]-[4], and [5]. In [4], the main design criterion for op-
timal flux weakening has been presented. The purpose of this
criterion is to make the magnet flux linkage equal to the d-axis
stator flux linkage (valid for both smooth air gap and salient-pole
machines)

V,, = Lqlr ()
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Fig. 1. Flux weakening and constant torque operation.

where U, is the magnet flux linkage, L4 is the d-axis induc-
tance (which is the same as the g-axis inductance for surface
PM machines), and [ is the rated or maximum current of the
converter.

The major challenge in surface PM machines is the low phase
inductance resulting from the presence of permanent magnets
in the air gap; these significantly increase the effective air gap
length. There are two main types of surface PM synchronous
machines. The first is the brushless dc machine. Here, the back
emf is trapezoidal and there are a variety of current waveforms
that can be used to feed the machine in order to minimize the
torque ripple. The second type is the surface PM ac machine. In
this case, the back emf is sinusoidal and the machine is fed by
sinusoidal currents. The focus of this letter is on the second type
where we can use the concept of phasor diagram.

The challenges associated with flux weakening for a brush-
less dc machines have been addressed by several authors [6],
[7]. Several of these flux weakening methods are based on clas-
sical phase-advance techniques [6], [7]. There are some limita-
tions on the effectiveness of these methods, principally due to
the low inductance of the machine.

An improved method to extend the constant power speed
range of the brushless dc motor using dual-mode inverter
control has been proposed [9] and verified experimentally
[10]. This method combines both the phase-advance tech-
nique and back-to-back thyristors in each phase. The reason
or justification for using back-to-back thyristors, as described
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by the authors, is that the thyristors block the conduction
of the anti-parallel diodes. This eliminates the regenerative
torque component produced by the diodes’ conduction, hence
increasing the net torque and power produced by the machine.

In this letter our goal is to show that by introducing a fun-
damental component approximation, the use of back-to-back
thyristors to control a surface PM ac synchronous machine is
equivalent to adding an extra inductance in each machine phase
that is useful for extending the CPSR.

II. PHASOR DIAGRAM

We illustrate the validity of condition (1) for optimal or ideal
flux weakening by using a phasor diagram. We will assume that
the voltage drop across the machine resistance is small and can
be neglected. Below and up to base speed, we assume the phase
current is aligned with the back emf and hence all the current
contributes to torque production. This case is shown in Fig. 2.

As the speed increases above base speed, the current is ad-
vanced relative to the g-axis. In this case the ¢g-axis current com-
ponent contributes to the torque production while the d-axis
current generates d-axis armature flux that opposes the magnet
flux. The net result is that the air gap flux is reduced so that the
phase voltage stays within the limits of the available converter
voltage. This is flux weakening by definition. This case is shown
in Fig. 3.

As the speed keeps increasing, both the back emf and the
voltage drop across the inductance increase proportionally. If
condition (1) is not satisfied with the magnet flux-to-inductance
value exceeding the converter-rated current, the back emf and
the voltage drop across the inductance will both grow at the
same rate until at a certain speed voltages V, E, and IwL are
in phase, as shown in Fig. 4. Beyond this speed, the machine is
unable to produce motoring torque and thus can no longer be
operated as a motor.

If condition (1) is exactly satisfied, the back emf, the terminal
voltage, and the voltage drop across the inductance form an
isosceles triangle and will grow at the same rate. Here, there is
no theoretical limit on the maximum speed at which the machine
can be operated, as shown in Fig. 5. The difference between the
inductance voltage drop and the back emf is what really controls
the maximum allowable speed. The closer this ratio is to unity,
the higher the maximum allowable speed and vice versa.

The variables used in the previous phasor diagrams are de-
fined as follows: V},;,, is the phase voltage [Volts], I, is the
phase current [Amps], F is the phase back emf [Volts], L is the
machine phase equivalent inductance [Henries], w is the elec-
trical angular velocity [rad/sec], ®mag is the flux produced by
the magnets [Webers], ®,,,, is the flux produced by the arma-
ture current [Webers], and @, is the net air gap flux [Webers].

III. EQUIVALENT CIRCUIT

It has been shown in [11], [12] that a simple series reactance
model can be used to represent the fundamental component be-
havior of back-to-back thyristors or triacs feeding an induc-
tion machine. This model was based on the assumption, which
we are also using, that the resistance voltage drop can be ne-
glected. The goal of this paper is to show that using back-to-back
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thyristors or triacs to feed a surface PM synchronous machine is
equivalent to adding an extra inductance in series with each ma-
chine phase for the fundamental component. This helps improve
the flux weakening capabilities of the machine, as mentioned in
the previous section. The equivalent circuit of the back-to-back
thyristors feeding the machine is shown in Fig. 6.

The analysis will focus on phase A. The same procedure is
valid for phases B and C with all the voltages and currents
shifted by +120 elec. degrees assuming a symmetrical three-
phase system. It is assumed that the machine is configured as a

floating wye connection. The phase voltage V, can be written
as

Va:Vvtha'i'Vn'i'Ea'i'VL (2)
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Fig. 6. Equivalent circuit of the system.

where V, is the phase A voltage, V;}, , is the voltage drop across
the thyristors in phase A, V,, is the neutral point voltage, F,, is
the back emf of phase A, and V7, is the inductance voltage drop.
Adding the corresponding voltage equations of the three phases
leads to

‘/tha + ‘/thb + ‘/thc = _3Vn (3)

During the nonconduction period of phase A, phases B, and C
are conducting

‘/tha = _SVn (4)

V:cha + Vn + Ea = Va (5)

2

5%}111 + Ea = Va (6)
3

‘/th a — E(Va - Ea) (7)

The difference between the phase A source voltage and back
emf amplitudes will be assigned its own variable V', defined as
follows

V,—E,=V". 8)

Since V, and E, are cosine functions phase shifted by the
torque angle &, V' is also a cosine function and we will choose
it as the new reference

V' =V . cos(wt) 9)

max

so that, using (7)

3 3
Viha = §VI = =V!  cos(wt).

2 max

(10)

The magnitude of the fundamental component of the thyristor
voltage V111 4 can be calculated as follows:

Y

2
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Vithal = —/Vélaxcos2(wt) dwt
0

where v is the hold-off angle of the thyristor.
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This expression can be evaluated, leading to

|V1tha| = %gvrlnax[l/} + SIH(I/J)]]

Vitha = |Vitha| cos(wt).

(12)
(13)

The fundamental component of the inductance voltage drop Vi1,
can be calculated as follows
Vir = Vo — Vitha

- Ea =V - Vltha (14)

which, using (9), leads to
. , 13 .
VL=V |1 — —5[1,/) + sin(%)]] | cos(wt). (15)
™

The fundamental component of the inductor current can next be
calculated as follows

I = Vinax {1 - %g[z/) + sm(w)]]} sin(wt)  (16)

wlL
-.-IlL = Ileaxsin(wt). (17)
Using the expressions for the fundamental component
thyristor voltage and current in (15) and (16), respectively, the
fundamental component equivalent reactance of the thyristor
Xip, is derived as

Vlth a

Xop =
tk IlL

=wlL

(18)

L3[y +sin(9)]]
[1— L3[4 +sin(y)]]]°

This equation for the thyristor fundamental equivalent reactance
can be expressed as

Xen = wL * f(1) (19)

where f(1) can be considered as a reactance factor that is a
function of the hold-off angle 1,

L3[4 + sin(9))]]
- %%[1/1 + sin(l/f)]” '

It can be seen from (18) that if the voltage drop across the re-
sistance is neglected, the fundamental behavior of the back-to-
back thyristors can be represented by an equivalent series re-
actance. The value of this equivalent reactance is a function of
the hold-off angle of the thyristors. Based on the previous dis-
cussion, this added reactance will improve the flux weakening
capability of the machine. Experimental confirmation of the va-
lidity of improved CPSR using back-to-back thyristors is con-
tained in [9] and [10].

Fig. 7 shows the variation of the reactance factor as a function
of the hold-off angle. Another interesting point of view to ex-
plain the effect of the back-to-back thyristors is shown in Fig. 8.
Since the machine inductance is constant, if the equivalent in-
ductance of the thyristors is used to satisfy condition (1), we
can see that the locus of the machine input voltage at different
speeds is a vertical line. Based on this perspective, using these
thyristors is equivalent to increasing the available voltage at the
machine terminals for the same supply or source voltage. Since
the required additional inductance is fixed for a given machine, a

f) = (20)

1
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phasor diagram for optimal flux weakening.

fixed value of hold-off angle ¢ is all that is required to attain con-
stant-power operation. The same analysis can be performed in
terms of d-q equivalent circuits using the following basic equa-
tions:

V, = B+ LwL 1)
Va=—-I,wL (22)

where
Vin =/ V2 + V2 (23)
In = 1/]3%—]3. (24)

IV. CONCLUSION

The preceding derivation has provided a convenient way of
understanding and modeling the roles of back-to-back thyris-
tors in series with the three machine phases for extending the
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machine’s constant power speed ratio. This analysis has shown
that the thyristors serve as a convenient means for electronically
increasing the value of the machine’s effective phase induc-
tance, with a scaling factor that increases monotonically with
the thryristor hold-off angle. As a result, the value of the ef-
fective machine inductance for a surface magnet ac motor can
be increased sufficiently to meet the conditions for optimal flux
weakening determined by (1). However, the impact of the re-
sulting harmonics introduced by the thyristor switching on other
machine operating characteristics such as efficiency have not
been considered in this analysis. The bulkiness of the thyris-
tors might be another practical issue preventing the widespread
use of thyristors for flux-weakening applications. The maximum
CPSR achieved using this technique is 6:1, as reported in [10].
The limiting quantity is the forward blocking voltage of the
thyristors.
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